"trapped't excited states in 1,2,4,5-tetrachlorobenzene(TCB), which occurs during the propagation time of a 1.0 msec heat pulse, is analyzed in terms of the direct absorption of phonons resonant with the trap depth.
For each of the three traps studied, the heat pulse power dependence of the phosphorescence change can be related to the power dependence of the resonant phonon flux radiated by the heater. The data demonstrates that (1) single phonon events are probably responsible for the promotion of the trap state to the band state (ii) the redistribution of the excitation
• energy into the bands exhibit an explicit dependence of the density of state function and (iii) the extent of the trap state depletion is shown to be sensitive to the nature of the trap.
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I. Introduction
Energy migration in ideal molecular crystals can be discussed in terms of the exciton theory formulated by Frenkel' and Davydov 2 . In any real crystal, however, there are always finite quantities of imperfections incorporated into the lattice. In many cases, the imperfections give rise to new excited states which are effectively removed from the band. 3
When these localized states are lower in energy than the exciton band, they can act as "traps." Theexchange of energy between the host molecules comprising the band and those molecules which give rise to the trap states requires the intervention of a lattice phonon to make up the energy difference between the two levels ( Fig. (1) ). A complete dynamical picture of energy migration in molecular solids must include a description of the mechanism by which the phonon-mediated transfer takes place.
The probability that a phonon (or phonons in the case of a multiphonon process) of sufficient energy will induce a trap-to-band promotion will be a function of the density of band states and will be sensitive to the coupling of the trap state with the phonon. 4 The latter feature isexpected to be affected by the intrinsic nature of the trap state, e.g., mechanical defects (x-traps), chemical impurities (y-traps), or isotopic. 5
• The rates of thermal trap-to-band promotion of excited triplet state energy in 1,2,4,5-tetrachlorobenZefle (TCB) were measured by the methods of spin coherence 4 ' 6 and pulsed dye laser excitation. 7 In both sets of experiments, it was shown that for dilute trap concentration (<1%), the temperature dependence of the promotion rate yielded an activation energy which was equal to the "trap depth." Francis and his co-workers8'9 dmonstrated that the phosphorescence intensity of trap emission and exciton emission can be modulated by the application of a millisecond heat pulse from a small heater in thermal contact with a TCB crystal.
Ideally, the most direct way of studying phonon interactions in crystals is to artifically genetate.the resonant phonons. High frequency phonons with energies exceeding 30 cmor more can be produced by the Joule heating of thin films.lOU The central frequency in the heat pulse spectrum is proportional to kTH/h, where TH is the heater temperature. The heat pulse technique has the disadvantage, however, of employing a very broad band source of phonons, since the width.
about the central maximum is also proportional to kTH/h. Despite this undesirable feature, it can be shown that if the phonon absorption and/or scattering processes under question are frequency selective, then the coupling of a broad band source to a crystalline sample can yield the same information as that obtained with a monochromatic phonon source (such as a superconducting tunnel-j'unction).
The purpose of this paper will be to demonstrate the feasibility of probing phonon interactions in molecular crystals by way of the heat pulse technique. Specifically, the trap-to-band promotion process occurring in the single x-trap system 4 in neat h 2-TCB and the multiple isotopic hd and h 2 trap system in d 2-TCB will be studied. By comparing the extent of trap-to-band promotion via the heat pulse in both systems, one can began to answer questions regarding the frequéncy selectivity of the process, as well as the dependence of the process on the density of band states and the nature of the trap.
II. Theory .
Most of the experimental work since the advent of heat pulses 9 in solids 10 ' 11 has been concerned with the ballistic propagation of high frequency acoustic phonons in the nanosecond time scale. In these experiments, the thermal coupling of the phonon source and the transmission medium is maximized by the direct vacuum evaporation of the heater film on to the crystal surface. A notable exception is found in the work, of Broude, etai., 12 ' 13 who generated nanosecond pulses in anthracene crystals by the heat release following optical excitation. Unfortunately, there presently does not exist a feasible way of depositing stable heater films on fragile, low-melting point materials such as molecular crystals. Thus, in order to attempt the experiments, one must bond the crystals to a heater film which is vacuum evaporated on another substrate. (It is still advantageous to use a thin film, 1000 A thick, in order to insure a rapid heating of the source). The relatively poor thermal contact between the crystal surface and the heating film precludes a time resolution on the nanosecond time scale; hence, one cannot detect the propagation of a short pulse of phonons. However, as evidenced by the work of Francis, one can detect the absorption of phonons produced by heat pulses which are much longer (msec) than the inherent transit time of the phonons in the crystal.
Even though the thermal boundary conductance between the crystal and the heater may be poor, it is possible that the phonons that do propogate through the crystal will have a frequency spectrum which is characterized by the temperature of the heater film. A completely will be equal to the electrical power dissipated in the heater. However, since the heater is a film supported by another substrate (see Fig.( 2) in Sec. III), and since the heater/crystal assembly is totally immersed in liquid He, there are additional routes for thermal losses. Therefore, one is required to formulate a proportionality constant B, which incorporates all radiative losses, such that an "effective" heater terncan be calculated from the input power P perature THE :
The effective temperatureof the heater is thus a function of the energy balance between the input electrical power and the phonon radiation to the surrounding media.
The phonon flux presented in Eq. (4) can then be rewritten in terms of the effective heater temperature THE and the proportionality constant B:
If one assumes that the thermal promotion process involves a single phonon, then a trap state with an energy ( -4B) below the bottom of the exciton band, which has a width 4B, will be promoted to an intermediate 
where An is the maxImum change in the trap population ralative to max the steady-state population n at temperature TB. ss Since the intensity of the phosphorescence emission from the trap is equal to the product of the trap population and the temperatureindependent radiative rate constant, eq.(lO) may be rewritten in terms of the relative trap phosphorescence modulation depth:
The value of is not a true absorption coefficient in a spectrophotometric sense, but merely serves the purpose of normalizing the modulation depths found for a series of different crystals having various traps and trap concentrations.
From Eq. (5), a set of effective heater temperatures can be calculated
•for a given power range and proportionality constant B. This set of T values can then be substituted into Eq. (7) From the analysis of the mass spectrum of each crystal, 22 the value for s was not found to exceed 6.8 x 10. The velocity of sound in TCB is, roughly1.6 x 10 5 cm/sec [22] .
Hence the isotopic scattering rate should not exceed 4 x 10 40v4 sec for the crystals under study.
For a typical sample thickness L of 0.04 cm, the boundary scattering rate 6 -1 (v/L) is about 4.0 x 10 sec . In order for the isotopic scattering rate to be comparable to that of boundary scattering, the phonon fre-
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-1 quency must exceed 3.2 x 10 sec , which Is equivalent to an energy of 11 c 1 . Since the trap depths for crystals studied here range from 11 cm' m to22 cm', it is possible that many of the phonons will be isotopically
• scattered .before they reach the crystal/bath boundary. . .
The second consideration that must be taken into account is the thermal coupling of the crystal to the surrounding superfluid He bath. A bottleneck at the crystal/bath boundary may result in the "overheating" of the 23-25 crystal sample.. However., it has been shown in many previous investigations that solid material/liquid He boundary conductances for high frequency phonons (loll sec') are much higher than those predicted by acoustic mismatch theory. Evidence that this also appears to be the case in this set of-experimentswill be presented in Sec. IV.
III. Experimental
Highly purified h 2-TCB (1,2,4,5-tetrachlorobenzene) was prepared by zone-refining through 1400 or more passes re-crystallized, reagent grade material. No .signs of chemical impurities (e.g., y-traps) were evident in the phosphorescence spectrum, and strong exciton emission was observed at temperatures as low as 2.0 K. Perdeuterated TCB was synthesized by the Fooladi method. 26 Following deuteration, the material was extensively zone-refined. Higher concentrations of h 2 -TCB were incorporated by adding small amounts to the d 2-TCB material just before the crystals were grown. Each crystal was grown from the melt in a Bridgman furnace, 27 and later annealed for ten days at 138°C.
The experimental arrangement is shown in Fig. (2) . Each neat h2-TCB and d 2-TCB sample was cut from a single crystal along the principal cleavage planes (001) The temperature dependences of the x-trap phosphorescence intensity for two neat h 2 -TCB crystals are shown in Fig. (3) . Since the triplet energy in the neat h 2 -TCB crystal is partitioned between the x-trap and the exciton band states, Boltzmann statistics can be used to determine the number of.band states, and hence the concentration of x-traps, from the phosphorescence intensity temperature dependence. The two curves shown in Fig.(3) are the best fits to the normalizedtrap intensities; details concerning this analysis can be found in Refs. 4, 7, and 29.. One can see that the x-trap concentrations in these crystals are less than one part in 104 . The temperature dependences of two d 2 -TCB crystals are shown in Fig. (4) . In d 2-TCB crystals containing concentrations of h 2 -TCB above 1%, the phosphorescence emission is almost exclusively from the. generator was dissipated at the heater film. The resulting signal, as shown in Fig. (5) , was averaged 512 times or more on a Northern NS-575 inultichannel analyzer. In the case of trap phosphorescence modulation, AI max was a negative change in light intensity; whereas In the case of exciton phosphorescence modulation, Al ax was a positive change in light intensity.
All the pulse voltages across the 50 Qheater film were monitored on a Tektronix 454 oscilloscope. The rise time of the current pulse was 10 jisec or less, while the rise time of the phosphorescence modulation TR (Fig. (5) ) was generally 0.3 msec and bath temperature-independent.
IV. Results and Discussion
Examples of the phosphorescence modulation power dependence for each of the three traps are shown in Fig. (6) . The curves drawn through the data points yield the respective power dependences which are used to calculate the resonant phonon fluxes. One immediately notices that the x-trap Al /1 values are significantly lower than either of the two max .ss isotopic trap values, even though the depth of the x-trap is in between the depth of the hd-TCB trap and the depth of the h 2-TCB trap. Furthermore, the density of band states in neat h 2 -TCB is nearly three orders of magnitude higher than that in the d2 -TCB crystals. The vlues of for the shallow hd-TCB trap are clearly greater at a given input power than those for the deep h2 -TCB trap In the same d 2 -TCB crystal. This is what one expects, however, since the flux of phonons resonant with the 11 cm 1 hd trap is greater than that of the higher frequency modes resonant with the 22 cm' h 2 trap. Since the extent of depletion of each trap has a unique power dependence which is a function of the trap depth E, it appears that the thermal promotion process in these systems Is a single phonon event.
The power dependences of the corresponding exciton phosphorescence modulation depths follow that of the traps only at low input powers (P < 0.01 W/mm). At higher powers, bi-exciton annihilation distorts -12-the power dependence in the neat h 2 -TCB crystals. This effect was also observed by Francis. 9 In the d2 -TCB crystals, the low-power increases in the exciton emission are predominately due to the promotion of the 'hd trap population. As the power is increased, the simultaneous depletion of the deep h 2 trap distorts the power dependence of.the exciton modulation depth.
Thus all the results presented here will be.those obtained from the trap modulation data.
In Table I , the results are shown for the phonon flux analyses of the x-trap phosphorescence modulation in three neat h 2-TCB crystals. From at least eight different input powers in the given range, the observed modulation depth power dependence is determined. Each value of the black body. In the case of sample B, Apiezon N grease was used between the crystal and the heater; thus it appears that the proportionality constant B is sensitive to changes in the thermal conductance of the grease-mediated heater/crystal interface.
The most noteworthy feature in Table I is that the value of 4), which represents the normalization of trap modulation depth with respect to the resonant phonon flux, varies directly with the number of available band '
states. Thus the net transfer of energy from the localized state to the set of delocalized band states increases with density of band states.
In order to see if the phosphorescence modulation monitored at the electronic origin (3751 ) was due solely to promotion of trapped population to the band, the emission to the b vibronic origin (3781 A) . was also monitored. It has been shown previously 28 that there exists a non-Boltzmann spin distribution among the triplet sublevels of the crap states. When the trap state is far removed from the band (e.g., the 1400 cm 1 .TCB trap in durene), the thermal modulation of the trap phosphorescence is due only to changes in the spin distribution, 8 via spin lattice relaxation. However, when the trap state is only 17 cm 1 lowe.r in energy than the band, one expects that the thermal promotion process will, dominate over the much slower spin lattice relaxation process. This notion is borne out in these experiments by the observation that the modulation depth of the x-trap emission is identical, within experimental error, to that monitored at the electronic origin. Since the emission at the electronic origin comes from a different triplet sublevel than that which gives rise to the emission at the b vibronic origin, one can conclude that the phosphorescence modulation is due only to trap-to-band promotion.
The phosphorescence modulation results for the hd and h 2 traps in d 2 -TCB are shown in Tables II and III, Due to the relatively high effective heater, temperatures, the bath temperature makes almost no contribution to the calculated flux of resonant phonons. In Fig. (17) , the results are shown for the bath temperature dependence of.LI /1 for the x-trap in neat h -TCB. At max ss 2 bath temperatures.below 2.1 K, the phosphorescence modulation is constant to within 3%. The rate of repopulating the traps following the heat pulse (Fig. (5) ) is also constant below 2.1 K. However, when the bath temperature approaches the lambda-point of liquid He, a dramatic change in the thermal coupling of the heater/crystal assembly to the bath takes place Not only does the modulation depth LI/I increase steeply, but also the ss rate of trap repopulation decreases significantly. Thus it appears that the crystal is being "saturated" with phonons resonant with the trap depth due to the loss of thermal coupling between the crystal and the He bath. Since the heater/crystal interface is permeated with superfluid He, the rise time
• of the phosphorescence modulation also increases somewhat. Similar liquid He effects have been observed by Buckley,30 ' 31 and Gltt1i. 32 An important conclusion that can be drawn from this experiment is that at -15 -temperatures below 2.1 K there does exist an efficient coupling between the crystal and the helium bath such that the resonant phonons appear to pass freely into the helium bath. Above 2.1 K, the thermal coupling breaks down and the crystal is overheated.
V. Summary
Each trap in the TCB lattice was shown to select a band of phonons within the black body spectrum of the heater radiation which corresponded to the trap depth below the host exciton band. The manifestation of this phenomenon was the particular power dependence associated with the phosphorescence modulat±on, depth for each.trap. Although there was a fairly large spread in the fitting parameter B, the spread in the effective heater temperature was considerably smaller, since T (P/B) 1/4
Therefore, the results were consistent with the notion that the phonon spectrum can be characterized by an effective heater temperature common to all the experiments. It thus follows that the frequency spectrum of the phonon flux is also not appreciably shifted by scattering processes in the bulk of the thin crystal slabs.
The main emphasis of this work was to show that the heat pulse technique can be used to provide information with regard to the parameters governing phonon interactions in molecular solids. The depletion of the trap population during the heat pulse did in fact show a dependence on the density of available band states as well as a sensitivity to the nature of the trap. Although the problem of trap-to-band energy transfer still requires much more attention, the study of heat pulses in molecular crystals should be extended to other interesting problems. One such area would be that of exciton-phonon scattering in a wide-band system such as 1 ,4-dibromonaphthalene. 
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